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THE EFFECT OF DIVALENT CATION DEPLETION ON PHAGOCYTOSIS
OF STAPHYLOCOCCI**
In most experimental systems, phagocytosis of bacteria by polymorpho-
nuclear leukocytes (PMN's) is interrupted by divalent cation chelation
with Na2H2EDTA.1" This has led to the assumption that divalent cations
are required for phagocytosis.' Phagocytic systems, in fact, measure the
end result of a complex sequence of events which include interaction of
the bacterium with plasma proteins of both antibody and non-antibody
type (opsonization), attraction of the phagocytic cell (chemotaxis), pre-
sumed surface adherence of the bacterium to the PMN, and finally
ingestion of the bacterium. The effects of divalent cation chelation on
individual steps in this complex process can be studied in part by selecting
experimental circumstances that make one particular step rate limiting.
In the present studies the use of a very high bacteria-phagocyte ratio
and bacteria opsonized in the presence of normal divalent cation concen-
tration greatly favored the occurrence of phagocytosis. In this set of
experimental circumstances it was possible to demonstrate that substantial
ingestion of bacteria could subsequently take place in the virtual absence
of divalent cations. These observations suggest that ingestion per se is not
a divalent cation-dependent process.
METHODS
Bacteria. The bacterial strain used in this study was a coagulase-positive, hemo-
lytic Staphylococcus aureus obtained from a patient with clinical infection. Inocula
were prepared from 18 hour cultures in trypticase soy broth (Baltimore Biological
Laboratories, Baltimore). Phagocytic systems contained approximately 10 X 107
bacteria and 7 X 106 leukocytes per ml.
Venous blood from normal human donors was placed in preservative-free heparin
in a final concentration of 4 mg. per 100 ml. Plasma and cells were separated by
centrifugation for three minutes at 3,400 g. Cells were stored at 4°C. until used.
Opsonization and phagocytosis. Bacteria were opsonized in lightly heparinized
plasma, phagocytized in reconstituted whole blood and intracellular counts deter-
mined by light microscopy. This two-phase system made it possible to alter divalent
ion concentration during opsonization and during ingestion independently. The effect
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of EDTA on opsonization of staphylococci was determined as follows: Bacteria
were initially preincubated in either plasma or an equal volume of media 199
(Baltimore Biological) for 20 minutes at 37°C. Since bacterial death in media 199
was approximately twice that observed in plasma, twice as many bacteria were
added to specimens initially preincubated in media 199. EDTA, plasma, and media
199 were then added to provide equal volumes of media 199 and plasma in each
tube and a final concentration of 10mM EDTA. Specimens were preincubated again
for 20 minutes at 37°C. and aliquots removed for enumeration of bacteria by
standard pour plate techniques. Equal volumes of sedimented blood cells containing
10mM EDTA were then added to bacteria-containing solution and rotated for an
additional 20 minutes in sterile stoppered siliconized test tubes at 37°C. Blood
smears from the phagocytic system were stained with Wright's stain and examined
by light microscopy. The number of bacteria associated with 100 PMN's was
counted and expressed as the phagocytic index, and the per cent of 100 PMN's
containing bacteria (PCB) was also determined.
The effect of EDTA on phagocytosis of opsonized staphylococci was determined
as follows: Bacteria were opsonized in heparinized plasma for 20 minutes at 37°C.
One-tenth ml. of 100mM EDTA or 0.1 ml. of saline was added to 1.0 ml. plasma
containing opsonized bacteria. Sedimented cells were added to restore a normal
hematocrit and, specimens were rotated 20 minutes at 37°C. Phagocytic index and
PCB of these specimens were then determined by microscopic examination of
Wright-stained smears.
Lysostaphin bacteriolysis. Lysostaphin (Fisher Scientific, Fairhaven, N. J.), an
enzyme which rapidly lyses the cell walls of extracellular S. aureus but does not
affect intracellular bacteria,6 was utilized to differentiate extracellular from intra-
cellular bacteria. Opsonization of bacteria and addition of Na2H2EDTA were carried
out as described above. After an initial 20 minute rotation at 37°C., blood smears
were made and 100 units of lysostaphin were added to each tube. Tubes were
rotated an additional 20 minutes and blood smears made again. Changes in phagocytic
index and per cent of PCB due to lysostaphin were determined by comparison of
blood smears made before and after rotation of blood and bacteria with lysostaphin.
After addition of lysostaphin, cell-associated bacteria were assumed to be within
phagocytes. Changes in phagocytic index and PCB after addition of lysostaphin
were attributed to disruption of bacteria adherent to but not ingested by leukocytes.
Degranulation after phagocytosis. Leukocyte degranulation was quantitated after
phagocytosis of bacteria indivalent cation-depleted plasma. Blood smears were rapidly
dried at 56°C., stained with Wright's stain, treated with 0.01 per cent acetic acid,
and counterstained with Giemsa stain, a procedure which was found to facilitate
granule counting. Cells were examined at 1,00OX magnification using phase con-
trast. The number of bacteria and the number of granules present in 100 non-
aggregated PMN's were counted.
Electron microscopy. PMN's containing bacteria were prepared for electron
microscopy. Blood was centrifuged at 3,400 g for three minutes, and the supernatant
plasma replaced with 1 per cent gluteraldehyde. After one hour of incubation the
buffy coat was removed and stained with 1 per cent osmic acid for two hours at
40C. Tissues were desiccated, treated with propylene oxide, and embedded in
araldite-502 resin using standard techniques.7 Sections were made with an LKB
ultratome, impregnated with uranyl acetate, stained with lead citrate, and examined
with an RCA EMU-3G electron microscope.
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RESULTS
Phagocytosis in EDTA. The effect of EDTA on ingestion of opsonized
bacteria is shown in Tables 1 and 2. Bacteria opsonized in non-chelated
plasma were readily ingested in blood containing lOmM EDTA. Addition
of EDTA to plasma prior to opsonization of bacteria greatly impaired
subsequent phagocytosis.
Ingestion of microorganisms in divalent cation-depleted plasma sug-
gested that opsonized bacteria were a) attached to neutrophils, b) ingested
by neutrophils, or c) both attached to and ingested by neutrophils. In an
attempt to distinguish among these alternatives, the susceptibility of bac-
teria to lysostaphin was used to differentiate extracellular bacteria from
intracellular bacteria, and PMN granule disruption was determined as an
index of phagocytosis.
Lysostaphin effect after phagocytosis in EDTA. The effect of lysostaphin
on cell-associated bacteria in normal and cation-depleted plasma is shown
in Table 3. The phagocytic index and per cent of PCB were only slightly
reduced after addition of lysostaphin to blood containing preopsonized
bacteria and lOmM EDTA. This suggested that under those conditions
most cell-associated bacteria were intracellular. A much greater effect of
lysostaphin was observed in specimens containing normal divalent cation
concentrations during phagocytosis, presumably reflecting a higher per-
centage of attached, non-ingested bacteria.
Degranulation after phagocytosis in EDTA. Table 4 demonstrates the
effect of divalent cation depletion on ingestion of opsonized bacteria and
degranulation of human neutrophils. The number of granules present in
PMN's not exposed to bacteria is shown in line 1. Bacteria opsonized in
normal plasma and phagocytized in divalent cation-depleted plasma caused
a marked reduction in leukocyte granules. Vacuolization of these cells was
apparent on light microscopy (Figure 1).
An electron micrograph of a neutrophil containing opsonized bacteria
phagocytized in lOmM EDTA is shown in Figure 2. Bacteria are present
within phagocytic vacuoles.
DISCUSSION
Phagocytosis has been considered to be a divalent cation-dependent
process.`5 Delaunay and Pages observed that phagocytosis of bacteria by
leukocytes virtually stopped in divalent cation-depleted media,8 and Allison
and co-workers made similar observations in plasma depleted of cations
by EDTA.1 In these reports phagocytosis was quantitated by light micro-
scopy and unopsonized bacteria were used. In the present study it has
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been shown that human neutrophils can ingest preopsonized staphylococci
in the virtual absence of divalent cations. The fact that actual ingestion
rather than mere surface attachment had occurred was confirmed by con-
ventional and electron microscopy, by demonstration of leukocyte degranu-
lation, and by demonstration of bacterial insusceptibility to enzymatic
destruction by lysostaphin, an enzyme which does not affect intracellular
bacteria.
Divalent cation depletion may affect several steps of the phagocytic
process. During the initial part of the process, serum factors (opsonins)
interact with bacterial membranes. The altered bacteria are presumed to
attract leukocytes (chemotaxis),9 to be more easily entrapped by leukocytes
(via surface phagocytosis'0 and immune adherence"), and to stick more
avidly to leukocyte membranes.
Opsonic requirements for phagocytosis appear to depend on the presence
of capsular or other materials that impair phagocytosis and on the test
system used to determine phagocytosis. Rough strain pneumococci are
ingested in the virtual absence of serum.2 Klebsiella or Staphylococcus
aureus are less easily phagocytized and appear to require opsonization with
specific antibody. Using a bacteriocidal index of phagocytosis, Hirsch and
Strauss demonstrated that both antibody and certain non-antibody opsonins
interact with bacteria in the virtual absence of divalent cations.! In the
present study, using different techniques, opsonization of S. alfreus was
found to be virtually abolished by divalent cation depletion.
It is likely that the opsonic system observed in the present study includes
complement. Complement, which requires both calcium and magnesium
ions, acts as an opsonin,u promotes chemotaxis,9 and is required for immune
adherence." The increased efficiency of opsonization and phagocytosis in
plasma containing an intact complement system is readily demonstrated
(Tables 1 and 2).
Hirsch and Strauss have also studied divalent cation requirements for
phagocytosis.2 They concluded that divalent cations were required for
phagocytosis of bacteria by rabbit neutrophils. The technique used by
these authors measured reduction in viable bacteria as an index of bacterial
ingestion and used a hundredfold reduction in colony count as the criterion
for effective phagocytosis. A high leukocyte-bacteria ratio was used to
insure that virtually all bacteria were phagocytized under optimal condi-
tions. Although sensitive to subtle changes in phagocytosis under optimal
conditions, this technique is not sensitive to changes in phagocytosis that
affect less than 50 per cent of bacteria. In contrast, the present studies
used hundredfold higher concentrations of bacteria and measured phagocy-
tosis both directly and indirectly. With this method, phagocytosis of small
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Voluine 41, February, 1969FIG. 1. Polymorphonuclear leukocyte with ingested bacteria inside phagocytic
vacuoles. (X1,600)
FIG. 2. Electron micrograph of a neutrophil containing two bacteria phagocytized
in lOmM EDTA. (Xl2.5(())Divalent cation depletion and phagocytosis BRYANT
numbers of bacteria can be quantitated even under conditions not favoring
phagocytosis. The techniques used in these two studies complement each
other and permit the conclusion that divalent cations, while critical to
efficiency of the phagocytic process, are not essential for the ingestion of
bacteria by leukocytes.
At least part of the effect of divalent cation depletion on the phagocytic
process may be due to impairment of leukocyte adhesiveness. Leukocyte
adherence to glass, or to other leukocytes is virtually abolished by lOmM
EDTA.1 It seems likely that attachment of bacteria to leukocytes is simi-
larly impaired. Since leukocyte adherence requires magnesium ions but
not calcium ions, it is not a complement-dependent phenomenon.
Both leukocyte adhesiveness and serum opsonins appear to be necessary
for maximally efficient phagocytosis. However, in the present study, use
of EDTA in the phagocytic system minimized the importance of leukocyte
movement and adhesiveness. Under these circumstances it was possible
to examine the actual transport of bacteria across leukocyte membranes
selectively. This part of the phagocytic process does not require divalent
cations.
SUMMARY
Phagocytosis of opsonized staphylococci by human neutrophils occurred
in plasma depleted of divalent cations by Na2H2 EDTA. Phagocytosis was
confirmed by conventional and electron microscopy, by demonstration of
leukocyte degranulation, and by demonstration of bacterial insusceptibility
to enzymatic destruction after phagocytosis. Ingestion of unopsonized sta-
phylococci was greatly impaired by divalent cation depletion suggesting
a divalent cation-dependent opsonin was operative in this system. Although
a number of steps of the phagocytic process are impaired by divalent cation
depletion, it appears that the ingestion process per se is not divalent cation-
dependent.
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